Introduction
============

Liver cirrhosis is the end stage of liver disease and it has a number of different etiologies. Liver cirrhosis is currently the 11th most common cause of death worldwide ([@b1-etm-0-0-8011]). Hepatocellular carcinoma (HCC) is the most common cause of death in people with cirrhosis ([@b2-etm-0-0-8011],[@b3-etm-0-0-8011]). Although liver biopsy is the gold standard for diagnosing liver cirrhosis, it is not readily accepted by patients as it is an invasive procedure. No exact non-invasive markers have been identified to evaluate and monitor the progression of liver cirrhosis and the occurrence of HCC. Therefore, it is necessary to develop a safe, convenient, and effective method to monitor the occurrence and progression of liver cirrhosis.

Bile acids (BAs) are synthesized by a cascade of reactions catalyzed by enzymes acting upon hepatocyte cholesterol for recycling in the gut-liver axis ([@b4-etm-0-0-8011]). Factors including the gut microbiota ([@b5-etm-0-0-8011]), bile salt transporters ([@b6-etm-0-0-8011]) and nuclear receptor farnesoid-X-receptor (FXR) ([@b7-etm-0-0-8011]), participate in the regulation of BA homeostasis. Chronic cholestasis leads to fibrosis, cirrhosis, and eventually liver failure and hepatocellular/cholangiocellular carcinomas ([@b7-etm-0-0-8011],[@b8-etm-0-0-8011]). Recent studies have shown that alterations in BA homeostasis occur in liver diseases. The primary-to-secondary BA ratio is higher in non-alcoholic fatty hepatitis compared to healthy controls ([@b9-etm-0-0-8011]). glycocholic acid (GCA), taurocholic acid (TCA), glycochenodeoxycholic acid (GCDCA), taurochenoxycholic acid (TCDCA), and glycoursodeoxycholic acid (GUDCA) are significantly altered among different stages of hepatitis B-induced cirrhosis ([@b10-etm-0-0-8011]). In addition, higher concentrations of conjugated BAs, GCDCA and TCA are found in the serum of HCC patients compared with healthy controls ([@b11-etm-0-0-8011]). The elevated levels of conjugated BAs appear to be associated with early-stage HCC, whereas levels of BAs are elevated to a lesser extent in patients with more advanced HCC ([@b11-etm-0-0-8011]). These studies indicate the potential value of BAs as biomarkers for pathological progression in liver diseases; however, the role of BAs in the diagnosis and progression of liver cirrhosis has rarely been investigated.

Thus, it is hypothesized that total and individual BAs are sensitive indicators in assessing liver function and that studying the BA spectrum may provide a better understanding of the progression of liver cirrhosis and the occurrence of HCC. The aim of this present study was to investigate the linkage between serum BAs and the progression and prognosis of liver cirrhosis.

Materials and methods
=====================

### Participants

Patients with chronic hepatitis (n=23), cirrhosis (n=101) and cirrhosis complicated with HCC (CC-HCC; n=56) hospitalized in Shanghai Tenth People\'s Hospital between January 2017 and January 2018 were enrolled into this prospective study. Healthy subjects (n=22) were volunteer inpatients who had healthy examinations during the same period. Chronic hepatitis in this context referred to disease of the liver for ≥6 months in duration, that had not developed into cirrhosis. Diagnosis of chronic hepatitis, cirrhosis or CC-HCC was established based on a detailed medical history; clinical signs; laboratory tests; imaging examinations; and liver biopsy, if necessary. The exclusion criteria were as follows: i) Patients who also presented with severe heart, brain, kidney or other organ disease; ii) patients with a history of gastrointestinal or hepatic surgery; iii) patients with a history of treatment with ursodeoxycholic acid (UDCA); iv) poor treatment compliance; v) patients who had had viral infections or hepatotoxicity medications during the preceding 6 months; and ([@b6-etm-0-0-8011]) patients who also presented with cholestasis caused by extrahepatic factors. Patients with HCC were also excluded from the cirrhosis group in this context. The Ethics Committee of Shanghai Tenth People\'s Hospital approved this study.

All patients provided a detailed medical history, underwent a physical examination, provided a blood sample, and underwent an enhanced abdominal CT scan. Liver function was assessed based on the Child-Pugh (CP) classification: Early-stage cirrhosis (CP A), middle stage cirrhosis (CP B) and late stage cirrhosis (CP C). The patients only received conservative and symptomatic treatment with medicine during the course of cirrhosis. Survival was recorded for 6 months after blood collection in cirrhotic patients. Model for end-stage liver disease (MELD) has been validated as an ideal and objective survival model in patients with chronic liver diseases ([@b12-etm-0-0-8011],[@b13-etm-0-0-8011]). It accurately predicts short-term mortality among patients with end-stage liver disease, and has been used worldwide for allocation of organs for liver transplantation ([@b14-etm-0-0-8011]). MELD scores were calculated using the following formula according to the guidelines of the United Network of Organ Sharing ([@b12-etm-0-0-8011],[@b13-etm-0-0-8011]): MELD score=9.57 × ln\[creatinine (mg/dl)\] 3.78 × ln\[bilirubin (mg/dl)\] + 11.2 × ln(INR) + 6.43.

### BA analysis

Blood samples were obtained from patients after an overnight fast. The serum was separated by centrifugation at 1,700 × g for 10 min at 4°C, and stored at −80°C until the assay. Serum samples (100 µl) were thawed and mixed with 500 µl acetonitrile. After shaking vigorously for 5 min at room temperature and centrifugation at 14,000 × g for 5 min at 4°C, 400 µl supernatant was dried with 60°C nitrogen and suspended with 100 µl acetonitrile. The analysis of bile samples was performed on a Shimadzu high performance liquid chromatography apparatus (Shimadzu Corporation) coupled to an API3200 Triple-Quadrupole mass spectrometer (Applied Biosystems; Thermo Fisher Scientific, Inc.). Quantification was conducted using deuterated internal standards. BAs were separated using a Waters X SELECT column (3.0×50 mm; 3.5 µm; Waters Corporation) according to the manufacturer\'s instructions. Tandem mass spectrometry was operated in negative ion mode with multiple reaction monitoring (MRM) using settings in accordance with a previous study ([@b15-etm-0-0-8011]). The ion spray voltage was −4,500 V. The nitrogen gas temperature was 450°C. The ion source gas 1, ion source gas 2 and curtain gas were set at 40, 35 and 20 psi, respectively. The MRM transitions (m/z) were as follows: 407.3\>407.3 for CA; 391.3\>391.3 for UDCA, CDCA and DCA; 375.3\>375.3 for LCA; 464.3\>74 for GCA; 448.3\>74 for GUDCA, GCDCA and GDCA; 432.3\>74 for GLCA; 514.3\>80 for TCA; 498.3\>80 for TUDCA, TCDCA and TDCA; 482.3\>80 for TLCA; 411.3\>411.3 for D4-CA; 395.3\>395.3 for D4-CDCA, D4-DCA and D4-UDCA; 379.3\>379.3 for D4-LCA; 468.3\>74 for D4-GCA; 452.3\>74 for D4-GCDCA, D4-GUDCA and D4-GDCA; 436.3\>74 for D4-GLCA; 519.3\>80 for D5-TCA; 503.3\>80 for D5-TUDCA, D5-TCDCA and D5-TDCA; and 487.3\>80 for D5-TLCA. The data obtained from the above platform were directly imported into Analyst software 1.6.2 (Applied Biosystems; Thermo Fisher Scientific, Inc.) for data pre-processing. Finally, the concentration of each substance was obtained by linear regression analysis also using Analyst software 1.6.2. The testing was performed in the Clinical Biochemical Laboratory of the Shanghai Tenth People\'s Hospital by experienced investigators.

The individual BA and the corresponding detection ranges were as follows: Cholic acid (CA), 20--2,000 nM; deoxycholic acid (DCA), 40--4,000 nM; chenodeoxycholic acid (CDCA), 40--4.000 nM; UDCA, 40--4,000 nM; lithocholic acid (LCA), 30--3,000 nM; GCA, 30--3,000 nM; glycolithocholic acid, 10--1,000 nM; glycodeoxycholic acid, 10--1,000 nM; GCDCA, 100--10,000 nM; GUDCA, 20--2,000 nM; TCA, 6--600 nM; taurolithocholic acid, 2--200 nM; taurodeoxycholic acid, 10--1,000 nM; TCDCA, 10--1,000 nM; and tauroursodeoxycholic acid (TUDCA), 5--500 nM.

### Statistical analysis

According to the distribution of the data, comparisons of continuous variables between groups were conducted using the one-way ANOVA (followed by a Bonferroni post hoc test), Kruskal-Wallis test (followed by a Dunn-Bonferroni post hoc test), unpaired Student\'s t-test or Mann-Whitney U test. Categorical variables were compared with the χ^2^ test or Fisher\'s exact test. Correlations between BAs and CP scores were computed using Spearman\'s correlation analysis. Diagnosis and prediction analyses were determined by receiver operating characteristic (ROC) curves. Cut-off values were determined via the Youden index. The Kaplan-Meier method was conducted to analyze survival, and comparisons were made with the log-rank test. A Cox regression analysis was used to analyze the association between BAs and mortality, and the association was adjusted for age and MELD score. Statistical analyses were carried out using SPSS version 20.0 (IBM Corp.) and GraphPad Prism software version 7.0 (GraphPad Software, Inc.) for Windows. P\<0.05 was considered to indicate a statistically significant difference. Partial least squares-discriminant analysis (PLS-DA) was used to visualize the BA metabolome, which was conducted using the MetaboAnalyst 4.0 tool (<http://www.metaboanalyst.ca/>) ([@b16-etm-0-0-8011]).

Results
=======

### Baseline characteristics

Participants enrolled in the study were 40--80 years of age. Cirrhotic patients included 51 (50.5%) with viral hepatitis cirrhosis, 19 (18.8%) with alcoholic liver cirrhosis, 11 (10.9%) with autoimmune hepatitis cirrhosis, and 20 (19.8%) with cirrhosis due to other etiologies. The cirrhotic patients were separated into three groups based on the CP classification (CP A, CP B, and CP C), with 38 (37.6%), 32 (31.7%), and 31 (30.7%) patients, respectively. Patients with chronic hepatitis included 11 (47.8%) with viral hepatitis, 5 (21.7%) with alcoholic hepatitis, 3 (13.0%) with autoimmune hepatitis, and 4 (17.4%) due to other etiologies. No statistically significant differences in age, sex, and etiology existed in patients with chronic hepatitis and CP A, as well as patients with different stages of cirrhosis ([Table I](#tI-etm-0-0-8011){ref-type="table"}). During the 6-month follow-up, 24 (23.8%) cirrhotic patients died. Age and sex did not differ statistically between the survival and death groups ([Table II](#tII-etm-0-0-8011){ref-type="table"}). There was no significant difference in age and sex between the healthy subjects, patients with cirrhosis, and patients with CC-HCC ([Table III](#tIII-etm-0-0-8011){ref-type="table"}).

### BAs in patients with chronic hepatitis and cirrhosis

Patients with cirrhosis had significant elevations in the concentrations of primary conjugated BAs (GCA, GCDCA, TCDCA and TCA), TUDCA and total BAs compared with chronic hepatitis patients (P\<0.05; [Figs. 1](#f1-etm-0-0-8011){ref-type="fig"} and [2](#f2-etm-0-0-8011){ref-type="fig"}). The ROC curves revealed that GCDCA had the best diagnostic performance for liver cirrhosis (0.735; P=0.002), followed by TCA (0.726; P=0.003), GCA (0.719; P=0.004), TUDCA (0.701; P=0.009), TCDCA (0.697; P=0.010), and total BAs (0.652; P=0.049), with an area under the receiver operating characteristic curve (AUROC) of 0.735 \[95% confidence interval (CI), 0.605--0.864\], 0.726 (95% CI, 0.601--0.851), 0.719 (95% CI, 0.591--0.847), 0.701 (95% CI, 0.566--0.837), 0.697 (95% CI, 0.565--0.829), and 0.652 (95% CI, 0.515--0.788), respectively ([Fig. 3](#f3-etm-0-0-8011){ref-type="fig"}).

### BAs in patients with liver cirrhosis

The level of total BAs significantly increased as liver cirrhosis progressed ([Fig. 2](#f2-etm-0-0-8011){ref-type="fig"}). The concentrations of primary conjugated BAs and TUDCA were significantly higher in the CP B and CP C groups than in the CP A group (P\<0.05). The secondary BAs (DCA and LCA) decreased with the severity of liver disease, but there was no statistical significance ([Fig. 4](#f4-etm-0-0-8011){ref-type="fig"}). Spearman correlation analysis showed that the level of total BAs was significantly correlated with the CP score (r=0.580, P\<0.001). Among the individual BAs, the concentrations of GCA, GCDCA, TCA, TCDCA, and TUDCA were positively correlated with CP scores \[Spearman r (GCA, 0.489, P\<0.001; GCDCA, 0.520, P\<0.001; TCA, 0.545, P\<0.001; TCDCA, 0.571, P\<0.001; TUDCA, 0.467, P\<0.001); [Table IV](#tIV-etm-0-0-8011){ref-type="table"}\].

Cirrhotic patients were analyzed as two groups, depending on their survival after 6 months from blood sample collections. Total BAs, GCA, GCDCA, TCA and TCDCA showed a significant increase in the death group (P\<0.05; [Figs. 2](#f2-etm-0-0-8011){ref-type="fig"} and [5](#f5-etm-0-0-8011){ref-type="fig"}). Because the levels of GCA, TCA and TCDCA increased above the maximum detection range in the majority of deceased patients, the shapes of the box plots looked unusual in [Fig. 5](#f5-etm-0-0-8011){ref-type="fig"} (if the levels of BAs exceed the maximum detection range, the samples can be diluted to obtain precise values; however, considering the limitation of the sample volume, the samples were not diluted to retest the specific levels of individual BAs). The concentrations of total BAs, GCA, GCDCA, and TCA were statistically significant in predicting the 6-month survival in cirrhotic patients (P=0.0003, 0.005, 0.002, 0.010 respectively), with an AUROC of 0.744 (95% CI, 0.616--0.872), 0.689 (95% CI, 0.583--0.796), 0.707 (95% CI, 0.592--0.823), and 0.674 (95% CI, 0.565--0.784) respectively ([Fig. 6](#f6-etm-0-0-8011){ref-type="fig"}). MELD score is well known for its good performance in evaluating survival of patients with end-stage cirrhosis ([@b13-etm-0-0-8011]). In this present study, MELD score strongly predicted the 6-month survival of cirrhotic patients (P\<0.001), with an AUROC of 0.773 (95% CI, 0.676--0.870). Although the prediction accuracies of BAs were slightly lower than those of the MELD score, BAs were still effective and convenient prognostic indicators for cirrhotic patients. The Youden index revealed total BAs ≥75.7 µmol/l, GCA ≥2,954 nmol/l, GCDCA ≥8,400 nmol/l, TCA ≥599.5 nmol/l, and TCDCA ≥619.5 nmol/l as best cut-off values. The cumulative 6-month survival was significantly higher in patients with total BAs ≥75.7 µmol/l in comparison with total BAs \<75.7 µmol/l (P\<0.001). The mortality of patients with a high concentration of GCA, TCA, GCDCA, or TCDCA was significantly higher than that of patients with low concentrations of GCA, GCDCA, TCA or TCDCA (P=0.004, 0.001, 0.005 and 0.021, respectively; [Fig. 6](#f6-etm-0-0-8011){ref-type="fig"}). The present study further analyzed whether BAs were still a relevant predictor of mortality after adjustment for age and MELD score by using Cox regression. This showed that total BAs ≥75.7 µmol/l (hazard ratio, 4.046; 95% CI, 1.620--10.108; P=0.003) significantly predicted mortality in cirrhotic patients independently of age and MELD score ([Table V](#tV-etm-0-0-8011){ref-type="table"}). A high level of total BAs was associated with a poor outcome among cirrhotic patients. However, after adjustment for age and MELD, the individual BAs were no longer significant predictors for mortality (data not shown).

### BAs in patients with liver cirrhosis and CC-HCC

PLS-DA was used to visualize the BA metabolism in healthy subjects, patients with liver cirrhosis and patients with CC-HCC. Patients with liver cirrhosis and CC-HCC were distinctly separated from healthy subjects, but the clusters showed little variation between patients with cirrhosis and CC-HCC ([Fig. 7](#f7-etm-0-0-8011){ref-type="fig"}). Levels of total and individual BAs were analyzed in patients with cirrhosis and CC-HCC with the same CP class. In the early-stage (CP A), the concentration of total BAs was significantly higher in patients with CC-HCC compared with patients with cirrhosis \[median, 22 µmol/l; inter-quartile range (IQR), 10.4--32.6 vs. median, 8.7 µmol/l; IQR, 4.2--26.5 respectively; P=0.049\], and the levels of primary conjugated BAs, and TUDCA were significantly higher in patients with CC-HCC compared to patients with cirrhosis ([Fig. 8](#f8-etm-0-0-8011){ref-type="fig"}). In the advanced stage, the concentrations of BAs were not significantly different between the two groups (data not shown). In patients with CC-HCC, Spearman correlation analysis showed no significant correlation between the levels of total and individual BAs and Barcelona scores. During the 6-month follow-up, 23 (41.1%) patients died. There was no significant difference in the levels of total BAs between the blood samples collected from patients who survived compared to patients who died (median, 31.7 µmol/l; IQR 10.4--64.5 vs. median, 63.4 µmol/l; IQR, 20.5--109.9 respectively; P=0.067). The individual BAs also showed no significant differences among the deceased and surviving patients ([Fig. S1](#SD1-etm-0-0-8011){ref-type="supplementary-material"}).

Discussion
==========

A previous study indicated the correlation between serum total BA levels and mortality risk in patients with cirrhosis ([@b17-etm-0-0-8011]). Portal-systemic shunting ([@b18-etm-0-0-8011]) and diminished hepatic clearance of BAs ([@b19-etm-0-0-8011]) are thought to be two of the most essential factors in the elevation of serum BAs in patients with cirrhosis. Recent studies have shown that alterations in the intestinal flora play an indispensable role in BA disorders among cirrhotic patients ([@b20-etm-0-0-8011],[@b21-etm-0-0-8011]). Furthermore, FXR plays a pivotal role in regulating BA homeostasis. BAs are high-affinity endogenous FXR ligands. The order of potency of BAs is CDCA\>LCA=DCA\>CA ([@b22-etm-0-0-8011]). FXR activation regulates a network of genes in hepatic BA synthesis, biliary BA secretion, intestinal BA absorption and hepatic BA uptake ([@b22-etm-0-0-8011],[@b23-etm-0-0-8011]). The inappropriate function of FXR is often associated with liver diseases, including liver fibrosis and HCC, and previous studies have shown that FXR is deficient in liver cirrhosis ([@b24-etm-0-0-8011],[@b25-etm-0-0-8011]). The absence of FXR regulation is an important cause of BA disorders, and FXR agonists are considered to be potential medicines for BA regulation and cirrhosis treatment ([@b24-etm-0-0-8011]). On the basis of these factors, it is hypothesized that with the occurrence and progression of liver cirrhosis, the concentrations of individual BAs may correspondingly change.

This present study indicated that GCA, GCDCA, TCA, TCDCA, and TUDCA were significantly increased in patients with cirrhosis compared to patients without cirrhosis. These individual BAs may be potential indicators in the diagnosis of cirrhosis. In patients with progressive liver cirrhosis, the main alteration observed was a significant increase in conjugated primary BAs, whereas there was a decreasing trend in secondary BAs (DCA and LCA). A previous study also showed that progressive liver cirrhosis causes a decrease in the conversion of fecal primary BAs to secondary BAs ([@b26-etm-0-0-8011]).

Alterations in BAs are closely related to pathological changes during the development of cirrhosis. BAs synthesized in the liver are excreted in bile as conjugates with glycine or taurine; however, the secretion of BAs markedly diminishes in cirrhosis ([@b27-etm-0-0-8011]), which results in the intrahepatic cholestasis and the low concentrations of BAs in the intestine. Because the inhibitory effect of BAs on intestinal flora is weakened, intestinal bacteria overgrow ([@b5-etm-0-0-8011],[@b28-etm-0-0-8011]). BAs are rapidly deconjugated by bacteria and absorbed via non-ionic diffusion ([@b29-etm-0-0-8011]). In addition, with the progression of liver cirrhosis, portal hypertension leads to an increase in intestinal permeability ([@b29-etm-0-0-8011],[@b30-etm-0-0-8011]). This may increase the passive absorption of BAs via the plasma membrane, and further reduce the quantity of BAs entering the colon. Thus, conversion of primary BAs to secondary BAs by bacterial 7α-dehydroxylase is decreased ([@b29-etm-0-0-8011],[@b30-etm-0-0-8011]). Therefore, with the development of cirrhosis, the level of total serum BAs is increased, especially conjugated primary BAs, which may be of great value to clinicians for diagnosing and evaluating the progress of liver cirrhosis.

BAs play an essential role in the deterioration of liver cirrhosis. Hydrophobic BAs, such as CDCA and GCDCA, are considered to be highly toxic ([@b31-etm-0-0-8011]). Accumulation of high levels of hydrophobic BAs in hepatocytes may induce cell injury through promotion of inflammation and mitochondrial oxidative stress-mediated death pathways ([@b7-etm-0-0-8011],[@b32-etm-0-0-8011]). Furthermore, the toxicity of BAs which have accumulated in the circulation is also reflected in organs other than the liver. Hydrophobic BAs are able to cross the blood-brain barrier, thus causing damage to the central nervous system and worsening the course of hepatic encephalopathy in animal experiments ([@b33-etm-0-0-8011]). Clinical studies have shown that BA retention is associated with hepatopulmonary syndrome and gas exchange abnormalities ([@b34-etm-0-0-8011]). BA overload has also been shown to be toxic to cardiomyocytes, thus inducing cardiomyopathy and metabolic dysfunction in the heart ([@b35-etm-0-0-8011]), and leading to life-threatening arrhythmias, vasorelaxation, and decreased peripheral resistance ([@b36-etm-0-0-8011],[@b37-etm-0-0-8011]).

Retention of toxic BAs may aggravate liver injury and influence the prognosis of cirrhotic patients. Total and individual BA values were further analyzed to examine their potential in predicting 6-month mortality among cirrhotic patients, which showed that total BAs, GCA, GCDCA and TCA were significantly altered in cirrhotic patients. The Kaplan-Meier plot suggested that the 6-month survival rate was significantly higher in patients with low levels of total and primary conjugated BAs. Notably, multivariate regression analysis showed that a high level of total BAs was an independent predictor of mortality in cirrhotic patients. The results showed that BAs are effective markers for predicting short-term survival in cirrhotic patients.

HCC is the most common cause of death in cirrhotic patients ([@b2-etm-0-0-8011],[@b3-etm-0-0-8011]). The lack of good biomarkers for early diagnosis of HCC may result in poor prognosis, especially for patients with compensatory liver function ([@b38-etm-0-0-8011]). Previous studies have shown that BAs are involved in the proliferation and regeneration of hepatocytes ([@b39-etm-0-0-8011]) and pathogenesis of hepatocellular carcinoma ([@b40-etm-0-0-8011]). Hydrophobic BAs may collaboratively promote liver carcinogenesis ([@b41-etm-0-0-8011]). In this present study, it was found that in patients with early cirrhosis, the concentrations of total BAs and primary conjugated BAs were significantly higher in patients who also had HCC compared to patients without HCC. This indicates that the occurrence of HCC should be considered in patients presenting with early cirrhosis and high levels of total and primary conjugated BAs. Total and primary conjugated BAs may be potential biomarkers for the early diagnosis of HCC in patients with early cirrhosis.

Taken together, the results of the present study verified the diagnostic value of the BA spectrum in liver cirrhosis. The results emphasized the close relationship between liver function and BA components, and suggested the prognostic role of BAs in cirrhotic patients; however, this present study also had some limitations. The sample was small and patients involved were all inpatients. The detection range was limited, which may increase the errors of the test to some extent. The limitation of the detection range is reflected in most detection methods. Although it was not possible to obtain exact values for the BA levels, they may still be used as potential diagnostic/prognostic markers of cirrhosis. Further investigations are needed to confirm this inference.

In conclusion, increased levels of total and primary conjugated BAs are associated with the occurrence, deterioration and prognosis of liver cirrhosis. High levels of total BAs may be an independent predictor of mortality in cirrhotic patients. Total and primary conjugated BAs may be potential biomarkers for the occurrence of HCC in patients with early cirrhosis.
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![Box diagram of individual serum bile acids in patients with chronic hepatitis and CP A patients. (A) Comparison of GCA, GCDCA, and TCDCA concentrations. (B) Comparison of TCA and TUDCA concentrations. \*P\<0.05, \*\*P\<0.01 (Mann-Whitney U test). CP, Child Pugh score; CP A, early stage cirrhosis; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; TCA, taurocholic acid; TCDCA, taurochenoxycholic acid; TUDCA, tauroursodeoxycholic acid.](etm-18-05-4058-g00){#f1-etm-0-0-8011}

![Box diagram of serum total BAs in the different CP groups of patients. \*P\<0.05, \*\*P\<0.01 \[Kruskal-Wallis (followed by Dunn-Bonferroni post hoc method) or Mann-Whitney U test\]. BA, bile acid; CP, Child-Pugh score; CP A, early stage cirrhosis; CP B, middle stage cirrhosis; CP C, late stage cirrhosis.](etm-18-05-4058-g01){#f2-etm-0-0-8011}

![ROC curves of total BAs and five individual BAs for diagnosing early cirrhosis (P\<0.05). AUROC, area under the receiver operating characteristic curve; BA, bile acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; ROC, receiver operating characteristic; TCA, taurocholic acid; TCDCA, taurochenoxycholic acid; TUDCA, tauroursodeoxycholic acid.](etm-18-05-4058-g02){#f3-etm-0-0-8011}

![Box diagrams of individual serum bile acids in different stages of CP classification in cirrhotic patients. (A) Comparison of CA, CDCA, GCA, GCDCA, TCA, and TCDCA concentrations. (B) Comparison of DCA, UDCA, GDCA, GUDCA, and TDCA concentrations. (C) Comparison of TUDCA, LCA, GLCA, and TLCA concentrations. \*\*P\<0.01 \[Kruskal-Wallis test (followed by Dunn-Bonferroni post hoc method)\]. CA, cholic acid; CDCA, chenodeoxycholic acid; CP, Child-Pugh score; CP A, early stage cirrhosis; CP B, middle stage cirrhosis; CP C, late stage cirrhosis; DCA, deoxycholic acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GLCA, glycolithocholic acid; GUDCA, glycoursodeoxycholic acid; LCA, lithocholic acid; TCA, taurocholic acid; TCDCA, taurochenoxycholic acid; TDCA, taurodeoxycholic acid; TLCA, taurolithocholic acid; TUDCA, tauroursodeoxycholic acid; UDCA, ursodeoxycholic acid.](etm-18-05-4058-g03){#f4-etm-0-0-8011}

![Box diagrams of 4 individual BAs in the survival and death groups during the 6-month follow-up. \*P\<0.05, \*\*P\<0.01 (Mann-Whitney U test). The unusual shape of the box plots was due to levels of BAs exceeding the maximum detection range. GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; TCA, taurocholic acid; TCDCA, taurochenoxycholic acid.](etm-18-05-4058-g04){#f5-etm-0-0-8011}

![Survival analysis of TBAs and the four individual BAs. (A) The ROC curve of TBAs and four individual BAs in predicting the 6-month survival (TBA: P\<0.001; GCA: P=0.005; GCDCA: P=0.002; TCA: P=0.010; TCDCA: P=0.064). Kaplan-Meier plot of 6-month survival in patients with different levels of (B) ΤBAs, (C) GCA, (D) GCDCA, (E) TCA and (F) TCDCA (TBA: P\<0.001; GCA: P=0.004; GCDCA: P=0.005; TCA: P=0.001; TCDCA: P=0.021). AUROC, area under the receiver operating characteristic curve; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; MELD, model for end-stage liver disease; ROC, receiver operating characteristic; TBA, total bile acids; TCA, taurocholic acid; TCDCA, taurochenoxycholic acid.](etm-18-05-4058-g05){#f6-etm-0-0-8011}

![Two-dimension and three-dimension scores plots of partial least squares-discriminant analysis models of bile acid profiles. HC, healthy control; HCC, hepatocellular carcinoma; LC, liver cirrhosis.](etm-18-05-4058-g06){#f7-etm-0-0-8011}

![Box diagram of total BAs and five individual BAs in patients with cirrhosis and patients with CC-HCC in early-stage cirrhosis. (A) Comparison of total BAs. (B) Comparison of GCA, GCDCA, and TCDCA. (C) Comparison of TCA and TUDCA. \*P\<0.05, \*\*P\<0.01 (Mann-Whitney U test). BAs, bile acids; CC-HCC, cirrhosis complicated hepatocellular carcinoma; CP, Child-Pugh score; CP-A, early stage cirrhosis; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; HCC, hepatocellular carcinoma; LC, liver cirrhosis; TCA, taurocholic acid; TCDCA, taurochenoxycholic acid; TUDCA, tauroursodeoxycholic acid.](etm-18-05-4058-g07){#f8-etm-0-0-8011}

###### 

Clinical information and characteristics of patients with chronic hepatitis and cirrhosis.

  Parameter             Chronic hepatitis (n=23)   CP A (n=38)                                           CP B (n=32)                                          CP C (n=31)
  --------------------- -------------------------- ----------------------------------------------------- ---------------------------------------------------- --------------------------------------------------------
  Age, years            63±8                       62±9                                                  65±12                                                65±7
  Sex, M/F              15/8                       25/13                                                 22/10                                                21/10
  Etiology                                                                                                                                                    
    Viral, n (%)        11 (47.8)                  18 (47.4)                                             17 (53.1)                                            16 (51.6)
    Alcoholic, n (%)    5 (21.7)                   8 (21.1)                                              5 (15.6)                                             6 (19.4)
    Autoimmune, n (%)   3 (13.0)                   4 (10.5)                                              4 (12.5)                                             3 (9.7)
    Others, n (%)       4 (17.4)                   8 (21.1)                                              6 (18.8)                                             6 (19.4)
  ALT, U/l              68±21                      25±18^[a](#tfn1-etm-0-0-8011){ref-type="table-fn"}^   23±20                                                26±14
  ALP, U/l              80±33                      86±30                                                 97±42                                                128±51^[c](#tfn3-etm-0-0-8011){ref-type="table-fn"}^
  Albumin, g/l          41±3                       40±4                                                  29±6^[b](#tfn2-etm-0-0-8011){ref-type="table-fn"}^   26±4^[c](#tfn3-etm-0-0-8011){ref-type="table-fn"}^
  PT, sec               12.9±1.1                   13.1±1.4                                              14.7±1.5                                             17.1±3.6^[c](#tfn3-etm-0-0-8011){ref-type="table-fn"}^

P\<0.05 vs. patients with chronic hepatitis

P\<0.05 vs. patients with CP A

P\<0.05 vs. patients with CP B. ALT, alanine transaminase; ALP, alkaline phosphatase; CP, Child-Pugh score; CP A, early stage cirrhosis; F, female; M, male; PT, prothrombin time.

###### 

Clinical information of cirrhotic patients in the survival and death groups (6 months following blood sample collection).

  Parameter             Survival (n=77)   Death (n=24)   P-value
  --------------------- ----------------- -------------- ---------
  Age, years            63±12             68±10          0.070
  Sex, M/F              51/27             17/6           0.614
  Etiology                                               
    Viral, n (%)        40 (51.9)         11 (45.8)      0.601
    Alcoholic, n (%)    15 (19.5)         4 (16.7)       0.993
    Autoimmune, n (%)   8 (10.4)          3 (12.5)       0.720
    Others, n (%)       14 (18.2)         6 (25.0)       0.558
  ALT, U/l              21±16             25±23          0.916
  ALP, U/l              95±38             129±55         0.001
  Albumin, g/l          34±8              28±5           0.002
  PT, sec               14.6±2.6          16.6±4.3       0.012
  MELD                  12.34±4.73        17.19±5.32     \<0.001

ALT, alanine transaminase; ALP, alkaline phosphatase; F, female; M, male; PT, prothrombin time; MELD, model for end-stage liver disease.

###### 

Clinical information of healthy subjects, patients with cirrhosis and CC-HCC.

  Parameter                             Healthy control (n=22)   Cirrhosis (n=101)                                         CC-HCC (n=56)
  ------------------------------------- ------------------------ --------------------------------------------------------- --------------------------------------------------------
  Age (years)                           63±9                     64±9                                                      63±8
  Gender (M/F)                          15/7                     68/33                                                     40/16
  Child-Pugh A/B/C                      N/A                      38/32/31                                                  15/23/18
  Etiology                                                                                                                 
    Viral, n (%)                        N/A                      51 (50.5)                                                 29 (51.8)
    Alcoholic, n (%)                    N/A                      19 (18.8)                                                 10 (17.9)
    Autoimmune, n (%)                   N/A                      11 (10.9)                                                 4 (7.1)
    Others, n (%)                       N/A                      20 (19.8)                                                 13 (23.2)
  ALT (U/l)                             16±7                     25±18^[b](#tfn6-etm-0-0-8011){ref-type="table-fn"}^       48±39^[a](#tfn5-etm-0-0-8011){ref-type="table-fn"}^
  ALP (U/l)                             68±19                    103±45                                                    125±62^[a](#tfn5-etm-0-0-8011){ref-type="table-fn"}^
  Albumin (g/l)                         43±6                     33±8^[a](#tfn5-etm-0-0-8011){ref-type="table-fn"}^        31±8^[a](#tfn5-etm-0-0-8011){ref-type="table-fn"}^
  PT (s)                                10.9±0.8                 15.0±3.1^[a](#tfn5-etm-0-0-8011){ref-type="table-fn"}^    14.5±3.0^[a](#tfn5-etm-0-0-8011){ref-type="table-fn"}^
  Clinical characteristics                                                                                                 
    Ascites                             N/A                      58 (57.4)                                                 34 (60.7)
    Spontaneous bacterial peritonitis   N/A                      13 (12.9)                                                 3 (5.4)
    Hepatic encephalopathy              N/A                      24 (23.8)                                                 6 (19.7)
  Medical history                                                                                                          
    Upper gastrointestinal hemorrhage   N/A                      51 (50.5)^[b](#tfn6-etm-0-0-8011){ref-type="table-fn"}^   18 (32.1)
    Symptomatic treatment of medicine   N/A                      101 (100)                                                 56 (100)

P\<0.05, patients with cirrhosis (or CC-HCC) vs. healthy controls

P\<0.05, patients with cirrhosis vs. patients with CC-HCC. ALT, alanine transaminase; ALP, alkaline phosphatase; CC-HCC, cirrhosis complicated with hepatocellular carcinoma; F, female; M, male; N/A, not applicable; PT, prothrombin time.

###### 

Correlations of Child-Pugh scores with BAs by Spearman analysis.

  BAs         Correlation coefficient   P-value
  ----------- ------------------------- ---------
  Total BAs   0.580                     \<0.001
  GCA         0.489                     \<0.001
  GCDCA       0.520                     \<0.001
  TCA         0.545                     \<0.001
  TCDCA       0.571                     \<0.001
  TUDCA       0.467                     \<0.001

BAs, bile acids; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; TCA, taurocholic acid; TCDCA, taurochenoxycholic acid; TUDCA, tauroursodeoxycholic acid.

###### 

Cox regression analysis for 6-month mortality.

  Variables                Univariate Cox regression HR (95% CI)   P-value   Multivariate Cox regression HR (95% CI)   P-value
  ------------------------ --------------------------------------- --------- ----------------------------------------- ---------
  Age, years               1.045 (0.996--1.096)                    0.074     1.047 (0.986--1.112)                      0.132
  MELD score               1.154 (1.073--1.242)                    \<0.001   1.092 (1.005--1.187)                      0.038
  Total BAs ≥75.7 µmol/l   5.998 (2.656--13.548)                   \<0.001   4.046 (1.620--10.108)                     0.003

BAs, bile acids; CI, confidence intervals; HR, hazard ratios; MELD, model for end-stage liver disease.
